Abstract: UV-vis absorbance measurements and associated studies of cytochrome P450 BM-3 in complex with N-palmitoylglycine (NPG) indicate that a conformational change occurs in the active site of the complex where the terminal atoms of the ligand move from a site distant from the heme iron, as seen in the low temperature crystal structure to a site proximal to the heme iron at biological temperatures. We employ replica exchange molecular dynamics simulations to study this conformational change. The population of the proximal state is found to increase with temperature in agreement with UV-vis absorbance and NMR measurements. In addition to the conformations characterized by X-ray crystallography and computer modeling, this study shows that a new conformational state is significantly populated at room temperature. The observed increase in the population of conformations where the terminal atoms of NPG are proximal to the heme iron with increasing temperature indicates that the proximal state is stabilized by conformational entropy. A proposal for the origin of this entropic stabilization is provided on the basis of the structure of the newly identified state. We use the temperature weighted histogram (T-WHAM) method to characterize the transition state regions of the conformational ensemble and propose a mechanism of interconversion between these low free energy conformational states.
Introduction
The cytochrome P450 enzymes catalyze the oxidation of a wide variety of hydrophobic substrates. 1 P450 enzymes are ubiquitous; they are found in bacteria, yeast, fungi, worms, plants, fish, and mammals. In humans P450s are found in the liver and are important in cellular "housekeeping" processes including the metabolism of pharmaceutical agents and detoxification. 1 P450 enzymes are thus important in the study of drug metabolism and toxicity.
The mechanism of catalysis by P450 is centered on the iron of the heme group. 1,2 The iron is hexacoordinated, one of the coordination sites being occupied by a water molecule. On binding to the substrate, the substrate displaces the water molecule bound to the heme iron, 3 changing the coordination of the iron and the spin state from + 1 / 2 to + 5 / 2 . The spin state change is accompanied by a shift in the UV-vis spectral band from 418 to 390 nm. 1, 4 The change in spin state modulates the redox potential of the heme allowing reduction of the heme iron from ferric to ferrous. 1 Oxygen binding then proceeds, and the steps toward the oxidation of the substrate are initiated. Crystal structures of P450 enzymes including mammalian P450 2C5, 5, 6 2C9 7 and bacterial P450cam 8-11 and P450eryF 12,13 bound to different substrates show that the respective substrates bind proximal to the iron of the heme, which is understandable considering the above mechanism. However, the crystal structures of many P450 enzyme-substrate complexes such as P450 BM-3 bound to N-palmitoylglycine (NPG), 14 mammalian CYP2C9 bound to warfarin, 15 CYP3A4 with progesterone, 16 and CYP2C8 with palmitic acid 17 show the substrate bound distant to the iron in a position that, based on the above mechanism, is † Rutgers, The State University of New Jersey. ‡ Columbia University. Mol. Biol. 1987, 195, 687. (9) Schlichting, I.; Jung, C.; Schulze, H. FEBS Lett. 1997, 415, 253. (10) evidently unproductive for chemistry. The low temperature X-ray crystal structure of P450 BM-3 bound to N-palmitoylglycine (NPG) shows the substrate atoms where hydroxylation occurs to be 7.5 Å away from the iron, 14 and a water molecule is present at the sixth coordination site of the iron. Jovanovic et al. 18, 19 have recently proposed that the structure of the P450 BM-3/NPG complex depends on temperature and that at biologically relevant temperatures the ligand moves from a position distant from the heme iron, as seen in the low temperature X-ray crystal structure, into a position proximal to the iron, leading to the displacement of the iron coordinated water molecule and the initiation of the enzymatic mechanism described above. Jovanovic et al. based their conclusion on the following observations: 18, 19 (1) at low temperatures UV-vis absorbance and NMR measurements indicate that the enzyme is largely in the low spin state, consistent with the distant siting of the ligand and the presence of the water molecule bound to the iron, as in the low temperature X-ray crystal structure; 14 and (2) at biologically relevant temperature, UV-vis absorbance and NMR measurements indicate that the enzyme is almost completely in the high spin state, which would occur if the ligand has moved proximal to the heme iron and has displaced the coordinated water molecule. 18, 19 Solid-state NMR magic angle spinning experiments 18 also show a change in conformation localized in the active site at temperatures between -30°C and room temperature. Using a novel induced fit docking protocol 20 based on the PLOP (protein local optimization program) methodology for high-resolution protein structure prediction, 21 a low energy conformation with the ligand proximal to the iron has been proposed. 18 The shift of ligand position is made possible by a conformational change involving mainly the side chain of Phe87, which is interposed between the ligand and the heme group in the low-temperature X-ray crystal structure (see Figure 1a) , 14 whereas it assumes a different rotameric state that allows the hydrocarbon tail of the substrate to move closer to the heme iron (see Figure 1b) at ambient temperature. The potential energy of the proposed structure with ligand proximal to the heme was predicted to be only 5.8 kcal/mol above that of the X-ray structure. 18 In this structure, the ω-1 carbon atom, one of the hydroxylation sites of NPG (shown in Figure 2 ), is within 3.6 Å of the iron as compared to 7.6 Å in the low temperature crystal structure. It was thus concluded that the proposed structure is a likely model for a conformation of the P450 BM-3/NPG complex at room temperature.
In this study, we use replica exchange molecular dynamics (REMD) 22, 23 to study the equilibrium between the conformations of the P450 BM-3/NPG complex in which the terminal carbon atoms of NPG are distant from the heme iron, as in the low temperature X-ray crystal (henceforth addressed as distal state), and conformations with the terminal carbon atoms of NPG proximal to the heme iron, as in the conformation proposed by Jovanovic et al. (henceforth addressed as proximal state), 18 of the P450 BM-3/NPG complex. Replica exchange is an advanced sampling algorithm that allows the efficient sampling of the rough free energy landscape of biomolecular systems. REMD involves running parallel simulations of several replicas of the system each at a different temperature and occasionally exchanging conformations according to a modified Metropolis transition probability. These conformational exchanges allow rapid interconversion between stable conformations through intermediates sufficiently populated only at higher temperatures. REMD is ideally suited for this problem not only because it improves conformational sampling but also because it yields the distribution of conformations as a function of temperature. REMD simulations have been used in the study of peptide folding, [23] [24] [25] We use replica exchange molecular dynamics to calculate the relative population of the proximal and distal states of the P450 BM-3/NPG complex at room temperature. The population of the proximal state is also studied as a function of temperature. We characterize the ensemble of conformations generated by the replica exchange simulation at room temperature to identify additional conformational states. A proposal for the origin of the entropic stabilization of the proximal state over distal states at room temperature is made. To obtain information about relevant high energy transition states regions which are scarcely resolved at room temperature, we use the temperature weighted histogram (T-WHAM) 28 method which combines data from simulations at several temperatures, and we postulate a mechanism for the conformational interconversion between the different states.
Methodology
We employ the replica exchange molecular dynamics method (REMD) 22, 23 to sample conformational states of the P450 BM-3/NPG complex. The replica exchange method consists of running a series of simulations at different specified temperatures. Each simulation is called a replica of the system. An exchange of conformations between the replicas at temperatures Tm and Tn is attempted periodically, and it is accepted according to the following Metropolis transition probability 22 where m ) 1/kTm and Em is the current potential energy of the mth replica. The REMD method gives a canonical distribution of conformations at each of these temperatures. The method has been implemented in the molecular simulations package IMPACT. 29 The crystal structure of the P450 BM-3/NPG complex 14 was obtained from the protein data bank 30 (PDB 1jpz) and used for the REMD simulation. To prevent unfolding of the protein at high temperatures, but to nevertheless allow enough flexibility of the protein to observe the conformational change at the active site, we employed the restraining scheme described below. The positions of the CR atoms belonging to the 120 residues of the protein that are within 5 Å from any atom of the ligand in the X-ray structure are harmonically restrained with a force constant of 0.3 kcal/mol/Å 2 , which allows a 4 Å range of motion well above thermal motion at room temperature (see Supporting Information). Side chains and other backbone atoms in this region are left free. Atoms outside this region are fixed. By restraining only the CR atoms of these residues, we achieve conservation of secondary structure while still allowing considerable motion within these secondary structure elements. The magnitude of the force constant was chosen so as to prevent unfolding at high temperatures without significantly affecting conformational distributions at room temperature. All the atoms of Phe87, a residue known to undergo a large conformational change, as well as those belonging to the same loop (residues Leu86 to Asn95) are left free. The carbon atom of the carboxylate group of NPG was harmonically constrained to prevent the ligand from dissociating from the protein at high temperatures. All the other atoms of the ligand are left free. This restraining scheme is similar to that employed by Jovanovic et al. 18 Before carrying out the final REMD simulation, the system was carefully annealed and equilibrated using the following scheme. Single processor molecular dynamics runs at various temperatures revealed that the conformational transition whereby the Phe87 side chain undergoes a rotameric state change and the ligand moves proximal to the heme occurs frequently at 700 K. Keeping 700 K as the upper limit of the temperature range, and given the chosen number of replicas, we carried out a 1 ns replica exchange simulation with 24 replicas ranging from 400 to 700 K. The structures obtained at the end of this simulation were then used to seed a replica exchange simulation of 1 ns duration with temperatures ranging from 310 to 555 K. These two simulations at higher temperatures ensured proper equilibration and removal of correlation from the starting structures and provided seeding structures for the final production replica exchange simulation. The final production REMD simulation was carried out for 1 ns over a temperature range from 260 to 463 K with 24 replicas, at temperatures 260, 266, 273, 280, 287, 294, 302, 310, 318, 326, 334, 342, 351, 360, 369, 379, 388, 398, 409, 419, 430, 441, 452 , and 463 K. The temperature range was chosen to study the system at biologically relevant temperatures and at the same time (1) to connect with low temperature experimental information and (2) to enhance sampling at low temperature.
The REMD simulations of the P450 BM-3/NPG complex employed the OPLS-AA fixed charge all-atom force field 31 using the same charge model as previously employed 18 and the AGBNP 32 implicit solvent model to mimic the water environment. Simulations using implicit solvent models are not as computationally intensive as those using explicit solvent models; this is particularly true for REMD simulations because many fewer replicas are needed to achieve reasonable replica exchange rates due to the smaller system size. In recent years, accurate and computationally efficient implicit solvent models have been applied successfully to the study of biomolecules. [33] [34] [35] The mechanism of spin state change 18 involves the displacement by the substrate of a water molecule from the sixth coordination site of the iron. We have analyzed the solvent accessible surface area of representative conformations of the proximal and distal states. In agreement with the generally recognized activation mechanism, the heme iron is water accessible in the distal conformations, in which the ligand is distant from the heme iron and water inaccessible in the proximal state, where the ligand is in contact with the heme iron. The implicit solvent model we adopted, because it includes desolvation free energy terms which qualitatively take into account the loss of favorable iron-water interactions, is able to capture some of the essential energetic features that determine the equilibrium between the water-bound and substrate-bound forms of the heme iron. The molecular dynamics time step of the simulation is 1 fs. Exchange of temperatures was attempted every 100 fs. Velocity rescaling was used with a temperature relaxation time of 0.4 ps. The replica exchange acceptance ratio was 25% on average. The total simulation time, including equilibration, was 3 ns for 24 replicas for a total of 72 ns.
Population distributions (see below) were obtained by collecting the ω-1-Fe distance, the side chain torsional angles, and the potential energy of conformations from 10 replicas in the temperature range from 260 to 357 K. These quantities are binned into histograms which are then used as the input for the temperature weighted histogram method (T-WHAM) 28 to finally give population distributions at room temperature. T-WHAM 28 makes it possible to resolve the population distributions corresponding to conformations of relatively high free energy, which are rarely sampled at room temperature, but are needed to (26) 
determine the mechanism of interconversion between stable conformations. T-WHAM accomplishes this by exploiting information contained in the high temperature replicas where high free energy conformations are generated. Figure 3 . The ω-1-Fe distance in the low temperature X-ray crystal structure, 14 which corresponds to the distal state, is 8.5 Å, and that in the conformation proposed by Jovanovic et al., 18 which corresponds to the proximal state, is 4.5 Å. These distances are indicated by arrows in Figure 3 . As temperature increases, the population corresponding to the proximal state increases, and the population of distal state decreases. At 260 K, most of the population is concentrated in a peak corresponding to the distal state (see Figure 3) . As the temperature is increased to 302 K (see Figure 3) , a new population peak corresponding to the proximal state emerges. 18, 19 At 302 K, the proximal state constitutes 70% of the total population and the distal state the remaining 30% population (see below). Thus, at biologically relevant temperatures the P450 BM-3/NPG complex exists in an equilibrium between proximal and distal states. A free energy barrier of roughly 1.2 kcal/mol separates the two states (not shown here), which is small enough to allow relatively rapid interconversion at room temperature. As temperature is increased beyond 318 K, most of the population of the complex shifts to the proximal state (see Figure 3) .
Results and Discussion

Population of the Proximal State as a Function of Temperature. The population distributions as a function of ω-1-Fe distance at 260 K (s),302 K (---), and 318 K (‚‚‚) are shown in
By defining the proximal state to be all conformations with ω-1-Fe distances less than 6.5 Å, we obtain the population of the proximal state as a function of temperature, by integration of the population distribution in Figure 3 over the ω-1-Fe distance at each temperature of the REMD simulation (see Figure 4 ). The population of the proximal state is 32% at 260 K, increases with temperature (see Figure 3) , and finally plateaus at 318 K with 90% of the population in the proximal state. Both proximal and distal states exist at all temperatures. Rather than a sharp conformational transition from distal to proximal state at a specific transition temperature, a shift in population from distal to proximal state occurs gradually with increasing temperature. The increase in population of the proximal state with increasing temperature indicates (see Figure 4 ) that the proximal state is stabilized by conformational entropy. Our simulation results are in agreement with reported observations. The low temperature X-ray crystal structure 14 shows the ligand is distal to the heme. UV-vis absorbance and solid-state NMR measurements of cytochrome P450 19 show that the low spin species (corresponding to distal state) is predominant at low temperatures and the high spin species (corresponding to proximal state) predominates at room temperature. Our predicted midpoint of the transition from the distal to the proximal state (see Figure 4 ) is 268 K, ∼20˚higher than the experimentally observed transition temperature from the low spin to the high spin species. 19 Structural Analysis of the Ensemble of Conformations at Ambient Temperature. The conformational change in the active site of the P450 BM-3/NPG complex involves primarily NPG and the active site residue Phe87. We show in Figure 5a the population distribution at 302 K as a function of the ω-1-Fe distance and the 1 side chain torsional angle of Phe87 and in Figure 5b , the population distribution as a function of the ω-1-Fe distance and the 2 side chain torsional angle of Phe87. In these plots, the point for the coordinates corresponding to the X-ray crystal conformation 14 is marked by a cross and the point for the coordinates corresponding to the high temperature conformation proposed by Jovanovic et al. 18 is marked by a circle. Three distinct states can be identified in Figure 5a ,b. The first state (20% population) identified by the population peak centered at (ω-1-Fe ) 8.0 Å, 1 ) 190°) in Figure 5a and at (ω-1-Fe ) 8.0 Å, 2 ) -60°) in Figure 5b , corresponds to the distal state, which also includes the X-ray crystal conformation. The second state (4% population) identified by the population peak centered at (ω-1-Fe ) 5.0 Å, 1 ) 170°) in Figure 5a and at (ω-1-Fe ) 5.0 Å, 2 ) 30°) in Figure 4b contributes to the proximal state and includes the previously proposed proximal conformation. 18 Besides these two states corresponding to previously identified conformations, a new conformational state is observed. This conformational state, which is the most populated of the three (74% population), is centered at (ω-1-Fe ) 4.5 Å, 1 ) 85°) Figure 2 along the ω-1-Fe distance coordinate between 0 and 6.5 Å). The proximal state population increases monotonically with temperature indicating that the proximal state is stabilized by conformational entropy at temperatures greater than at least 268 K. This is borne out by the expression for the conformational entropy difference between the proximal and the distal states: in Figure 5a and at (ω-1-Fe ) 4.5 Å, 2 ) 135°) in Figure 5b . The proximal state primarily consists of conformations from this newly identified state.
A representative conformation of this newly identified state is shown in Figure 6 . The Phe87 side chain (in magenta) assumes a rotameric state that, as in the conformation predicted by Jovanovic et al., does not block the terminal carbon atoms of the ligand from approaching the heme iron 14 (see Figure 1a) . However, unlike the conformation proposed by Jovanovic et al. (see Figure 1b) , in this conformation the Phe87 side chain does not form close contacts with the terminal carbon atoms of the ligand (compare to Figure 1b) . Instead, Phe87 assumes a rotameric state (see Figure 6 ) so as to allow unhindered motion of the terminal carbon atoms of the ligand toward and away from the heme, unlike in the structure modeled by Jovanovic et al. (see Figure 1b) , in which the close contacts Phe87 forms with the terminal atoms of the ligand prevent the latter from moving away from the heme. The state corresponding to the conformation proposed by Jovanovic et al. 18 is henceforth referred to as "locked ligand" proximal state, and the newly identified state is instead referred to as the "free ligand" proximal state. The larger conformational flexibility in the free ligand proximal state relative to the locked ligand proximal and distal states is evidenced by the widths of the population distributions shown in Figure 5a ,b. The range of ω-1-Fe distances measured by the extent of the region with fractional population greater than 2.5 × 10 -3 (contained in the red contours in Figure 5a,b) , in the free ligand state (4 Å), is approximately twice that corresponding to the ligand locked state (1.5 Å) and that corresponding to the distal state (2 Å). Similarly, the range of motion of the Phe87 side chain, measured by the distribution of 1 and 2 angles, is significantly broader for the free ligand proximal state than for the locked ligand proximal or the distal states. We conclude that the conformational entropy associated with the newly identified free ligand conformational state is the origin of the observed entropic stabilization of the proximal state over the distal state, as the temperature is increased.
Mechanism of Interconversion between States. T-WHAM is used in this study to calculate the population distribution as a function of the ω-1-Fe distance and 1 or 2 at room temperature ( Figure 5 ). The T-WHAM method, by combining and reweighting the data from replicas at different temperatures in a replica exchange simulation, makes it possible to obtain the population distribution at room temperature in regions rarely sampled at room temperature. In particular, transition state regions that connect the stable states cannot be resolved by simply binning the data from the walker at room temperature.
The arrows in Figure 5a ,b trace the transition pathways between the proximal, free ligand and locked ligand states. These pathways have been identified by searching for the low free energy transition states as well as by inspection of the molecular dynamics trajectories. As indicated by the first of the two arrows (in Figure 5a,b) , the protein first goes from the distal state (see Figure 1a) to the proximal locked ligand state (see Figure 1b) . The direct interconversion between distal and free ligand proximal states is not possible because of the lack of population density between distal and proximal free ligand states (see Figure  5a ). The change from distal to locked ligand proximal state is achieved by a change largely in 2 of Phe87 of 90°(see Figure  5b ) and a simultaneous decrease of the ω-1-Fe distance. During this change 1 of Phe87 readjusts by 20°(see Figure 5a ) to accommodate the change in ligand position. A free energy . Active site of the P450 BM-3/NPG complex in a representative proximal free ligand conformation. Note that in this conformation not only has the side chain Phe87 (shown in magenta) changed its rotameric state to allow NPG (shown in green) to approach the heme iron (shown in blue), but also Phe87 is oriented so as to give NPG the ability to move more freely (as compared to the proximal state conformation predicted by Jovanovic et al.) to and away from the heme.
barrier separates these two states as seen in Figure 5b . As indicated by the second of the two arrows (in Figure 5a,b) , from the locked-ligand proximal state (see Figure 1b ) the aromatic ring of Phe87 repositions, 2 changing by 90°(see Figure 5b ) and 1 by 85°(see Figure 5a) , resulting in the free ligand proximal state (see Figure 6) .
In going from the locked ligand proximal state to the free ligand proximal state the system encounters a second free energy barrier. The locked ligand proximal state appears to be an intermediate in the conversion from the distal to free ligand proximal state.
Conclusions
Replica exchange molecular dynamics 22 simulations were carried out using a fixed charge all-atom force field in implicit solvent to study the conformational equilibrium in the active site of the cytochrome P450 BM-3/NPG complex. The enzymatic mechanism of cytochrome P450 BM-3 hydroxylation involves a spin state change of the heme iron connected to a conformational change 18 in the active site of the complex, whereby the terminal atoms of the ligand move from a site distant from the heme iron, as seen in the low temperature crystal structure (the distal state), 14 to a site proximal to the heme iron, as in the conformation modeled by Jovanovic et al. (the proximal state) . 18 In agreement with recent UV-vis and solid-state NMR measurements, 18,19 our simulations show that while the distal state is most populated at low temperatures, the population of the proximal state increases with temperature. At room temperature, the majority of the population is in the proximal state and a minor population corresponds to the distal state. The increase in population of the proximal state with increasing temperature suggests an entropic origin for the stabilization of the proximal state.
In addition to the conformational states corresponding to previously identified conformations, 18 we have characterized a new conformational substate (the free ligand proximal state) that helps in rationalizing the more favorable entropy of the proximal state. The high spin character of P450 at room temperature is primarily attributed to this state since it is the most highly populated state in our simulation. In this state the terminal carbon atoms of the ligand are positioned close to the heme iron, and Phe87 (a side chain known to undergo substantial conformational change) is oriented so as to allow considerable motion of the ligand. We have quantified the conformational flexibility in the active site by calculating the distribution of conformations as a function of the ω-1-Fe distance, and the side chain torsional angles of Phe87. We find that the newly identified state exhibits significantly greater conformational flexibility than the other two states, as indicated by the spread of the ω-1-Fe distance and the torsional angles of Phe87. The greater range of motion in this state provides the basis for the observed entropic stabilization of the proximal state. The fact that this state is primarily stabilized by conformational entropy rather than potential energy suggests why it was not located in the conformational search methods employed in ref 18. The free energy model employed to rank order structures in the induced fit protocol used in ref 18 does not take account of protein or ligand entropy (solvent entropy is approximately included in the implicit solvation model), and hence the free ligand proximal state was ranked less favorably in these calculations than it should have been. On the basis of the present work, incorporation of a better estimation of conformational entropy into binding mode and binding affinity calculations of protein-ligand complexes appears to be an important research direction to pursue.
In conclusion, the cytochrome P450 BM-3/NPG complex is predicted to exist in an ensemble of conformations distributed among three distinct conformational states. Detectable populations of the complex exist in these states at all temperatures. Varying the temperature results in redistribution of the populations among these different states. T-WHAM analysis of transition states reveals that interconversion between the different states occurs relatively rapidly at room temperature and that the locked ligand proximal state is an intermediate between the free ligand proximal and distal states. Finally, the results are consistent with the experimental data of Jovanovic et al., 18, 19 with regard to the temperature at which the conformational transition takes place, the predicted entropic stabilization of the high temperature state, and the identification of the key protein residues involved in the transition. This is the first time to our knowledge that REMD 22 has been used to probe possible reaction paths for the migration of ligands within a protein using temperature-dependent population distributions. The results obtained here suggest that the methodology can be used to study conformational equilibria of other P450 systems, such as P450-cam which is known to exhibit spin equilibria at low temperatures, [8] [9] [10] [11] and others such as mammalian CYP2C9 bound to warfarin, 15 CYP3A4 with progesterone, 16 and CYP2C8 bound to palmitic acid 17 which show the substrate bound distant to the heme iron and are therefore expected to show substrate mobility and active site plasticity similar to that of the P450 BM-3/NPG complex studied here.
